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ABSTRACT - Thermal conductivity measure~nts of silicon crystals doped with 
~have shown the presence of several phonon scattering processes. The 
resonant effect observed bela ... 1 K is ascribed to the existence of a dis-
tribution of splittings N(6) of the f8 ground state of the acceptor. which 
could be related to the presence of oxygen and carbon impurities. In two 
cases. the maximum of N(6) occurs for 6 max near 6 GHz. in agreement with 
previous ultrasonic studies (o5 max > 4 GHz). 
Samples and Experiments - The thermal conductivity of four Si single crystals doped 
with B or In has been measured from 50 mK to 200 K. Three crystals have been studied 
by ultrasonic absorption in Stuttgart and some of these results have been already 
published [ll. The characteristics of the samples are given in table 1. 
TABLE 1 
Sampl e S 80 9 S 87 d 5 52 S 33 * 
Dimensions 2,6 x 3.0 ~ 35 3.0 " 3.0 x 34 2.3 " 3.0 " 14 0.85 xl.03 >< 11 (I'MI><I'MI><RIII) 
Acceptor , , I" I" 
P (II cm) 10.8 2.5 0.1 
NA (cm- 3) 1.2 10 15 5.4 10 15 5.10 17 5.10 15 
no (cm- 3) 5.7 10 17 .:: 2.10 15 8.10 17 7.10 17 
nc (cm- 3) 4,1 10 16 ..:: 5.101S 
Growth method Cz Fl. zone Cz 
6max .(GHz) 
(from ultrasonics) ~ 4 1.3 > 4 
.. This sample has been measured previously above 1.2 K [2] 
Results and qualitative discussion - The experimental results are d1splayed in fig.1 
in a log-log plot and show that three temperature ranges can be considered. 
(i) L1...!. Resonant phonon scattering is present in the three samples ll\easured 
in this temperature range. We ascribe this scattering to a direct process between 
the two energy levels arising from the f8 acceptor ground state, the splitting being 
variable from site to site due to random strains and electric fields. The distri-
C6-236 JOURNAL DE PHYSIQUE 
KIW.tmI.K-t1 .Wf.~WDWWWW.~ 
,",' ... L"D~DI {/ 
... RiN~ 5 fJT1Jcrrj3 
, , 
i ': 
." t 
" 
'. : 
Figure 1. 
pi~fn{D;"""" DRdD~ 
;~W ~ ~=W~~. 
.S 
Figure 2. Solid lines are !lQ! 
calcu1ated 
buttons N(6) have been studied at frequencies less than 4 GHz by ultrasonic attenua-
tion and related to the presence of carbon or oxygen "impurities in the crystals [l]. 
The phonon relaxation rate due to this process is given approximatiiely by = 
T-l(w) = n 02 w kE~"wFln p v2 0) 
where "0 is a mean value of the coupling constant. and the qualitatiH' shape of N(";) 
1s glven by the function T2/K [3]. In ffg. 2, T2/K ;s plotted as a function of T 
for the three samples studied. A IIIiIx;mum is observed near 0.19 K in the case of Sf 
In (5.1Q17/cm3) and 0.09 K in the case of 5i = B 0.2 1Q15/ cm 3), which would corres-
pond very crudely to frequencies oSmax of 15 and 7 GHz respectively. In ·the case 
of 51 : B (5.1015/cm 3) the max;mulII 15 not reached at the lowest temlleratures. so 
that I5max must be less than 4 GHz. These results are in very good qualitative agree-
.,ent 'With those obtained by ultrasonic measurements and given in table 1. 
(ii) ~ A very clear dip appears near 20 K in the case of the In-doped 
samples, which has been already observed and attributed to an excited Jahn-Teller 
level of the acceptor near 40 c:m- 1 [21. A small effect could be present near 3 K ;n 
the more highly doped Sf : 8 sample so that the ratio of the transition enel""gies for 
Co-B7 
the two systems would be about 5, a value noticeably larger than previously sup-
posed [4]. 
(iii) ~ The dip near 40 K present in the lightly doped 5i : Ii crystal and 
not in the highly doped one is attributed to the presence of isolated oxygen inters-
titials ; the two crystals contain different amol,mt of oxygen (see table 1) and in 
fact, the two curves cross near 20 K. This resonant scattering observed near 40 K is 
also probably present in the In-doped samples and could be related to a transition 
near 80 cm- 1• in reasonable agreement with the energy level scheme of oxygen dedu:ed 
from FIR absorption measurements [5]. 
Quantitative analysis - A preliminary analysis of the results in the temperature 
range T <: 1 K for the two samples containing oxygen and carbon has been carded out 
within the Debye approximation. Only boundary scattering (T B- 1 = constant) and scat-
terfng by the acceptors as described by equation (1) have been considered. We have 
used an expression of N(Il) which gives a satisfactory description of the distribu-
tion obtained by a Monte-Carlo calculation for point defects such as carbon {lJ. 
The general featUres of the experimental T'l/K curves (fig.2) can be described by 
Such an analysis and, with the parameters given in table 2, the position and inten-
sity of the maximum are well reproduced, but not the detailed shape of the curves. 
The values of 5max obtained from these fits are similar in the two crystals, in 
contrast with the crude estimations from the position of the pies given above. 
Sample omax (GHz) 
Si : B (S 80 g) 6,2 ± 0.4-
Si : In (S 52) 5.6 :!: 0.4 
TABLE 2 
6.5 10- 9 
5.1 10- 7 
1.2 10 15 
5.10 17 
D (eV) 
1.5 
0.63 
This analySis also gives values of HA15'l and, supposing that all the acceptors 
contribute to the scattering, we obtain the values of 0 given in table 2, which 
are not unreasonable. Full details will be published elsewhere. 
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